ABSTRACT Background: Dietary factors can affect telomere length (TL), a biomarker of aging, through oxidation and inflammation-related mechanisms. A Dietary Inflammatory Index (DII) could help to understand the effect of the inflammatory potential of the diet on telomere shortening. Objective: This study aimed to determine the association of the DII with TL and to examine whether diet-associated inflammation could modify the telomere attrition rate after a 5-y follow-up of a Mediterranean dietary intervention. Design: This was a prospective study of 520 participants at high cardiovascular disease risk (age 6 SD: 67.0 6 6.0 y, 45% males) from the PREDIMED-NAVARRA (PREvención con DIeta MEDiterránea-NAVARRA) trial. Leukocyte TL was measured by quantitative real-time polymerase chain reaction at baseline and after 5 y of follow-up. The DII was calculated from self-reported data by using a validated 137-item food-frequency questionnaire. Results: Longer telomeres at baseline were found in participants who had a more anti-inflammatory diet (lowest DII score) (P-trend = 0.012). Longitudinal analyses further showed that a greater anti-inflammatory potential of the diet (i.e., a decrease in the DII) could significantly slow down the rate of telomere shortening. Moreover, the multivariableadjusted OR for short telomeres (z score #20th percentile) was 1.80 (95% CI: 1.03, 3.17) in a comparison between the highest (proinflammatory) and the lowest (anti-inflammatory) DII tertiles. Similarly, a greater DII (greatest proinflammatory values) after a 5-y follow-up was associated with almost a 2-fold higher risk of accelerated telomere attrition compared with the highest decrease in DII (greatest antiinflammatory values) during this period (P-trend = 0.025). Conclusions: This study showed both cross-sectional and longitudinal associations between the inflammatory potential of the diet and telomere shortening in subjects with a high cardiovascular disease risk. Our findings are consistent with, but do not show, a beneficial effect of adherence to an anti-inflammatory diet on aging and health by slowing down telomere shortening. These results suggest that diet might play a key role as a determinant of TL through proinflammatory or anti-inflammatory mechanisms. This trial was registered at controlled-trials.com as ISRCTN35739639.
INTRODUCTION
Lifestyle factors could affect the health and longevity of an individual by modifying telomere length (TL) 12 (1), a molecular proxy for estimating cellular aging (2) . In this context, several studies in humans have looked into the effects of dietary components on TL (1, (3) (4) (5) (6) .
The 2 main mechanisms implicated in the association between diet and leukocyte TL are oxidative stress and inflammation (7) . Therefore, it is expected that an antioxidant or an antiinflammatory diet could lessen the rate of telomere shortening, which may delay aging. Indeed, a higher intake of specific antioxidants and anti-inflammatory dietary components such as vitamin C or E, polyphenols, curcumin, or omega-3 (n-3) fatty acids have been associated with longer telomeres (8) (9) (10) (11) (12) . Although individual nutrients and food effects are interesting, it is important to assess TL by using integrated variables that consider the cumulative anti-inflammatory capacity of the entire diet. For instance, the Mediterranean Diet (MeDiet), as a model of healthy eating, has also been shown to exert a protective effect on preventing age-associated telomere shortening (13) (14) (15) (16) . Previously, we showed that the antioxidant potential of the whole diet was associated with leukocyte TL (17) . However, as far as we know, no study has yet been published on the association of the inflammatory potential of diet, as a whole, and leukocyte TL using a longitudinal design. Hence, the aim of the current work was to examine the effect of a Dietary Inflammatory Index (DII) score on leukocyte TL at baseline and after a 5-y nutritional intervention in a subsample of participants from the PREDIMED (PREvención con DIeta MEDiterránea)-NAVARRA trial.
METHODS

Study design
PREDIMED is a long-term nutritional intervention study aimed at assessing the efficacy of the MeDiet in the primary prevention of cardiovascular disease. This project is a large randomized clinical trial of individuals at high risk of cardiovascular disease. Participants were randomly allocated to 1 of 3 arms: MeDiet supplemented with extra virgin olive oil, MeDiet supplemented with mixed nuts, or a control group (low-fat diet). They were interviewed annually by a dietitian to obtain information about lifestyle, diet, and incident diseases.
The study population consisted of women (60-80 y) or men (55-80 y) with no previously documented history of cardiovascular disease, but at high cardiovascular disease risk. They had either type 2 diabetes mellitus or $3 of the following major cardiovascular disease risk factors: current smoking, hypertension, elevated LDL cholesterol, low HDL cholesterol, overweight/obesity, or family history of premature coronary artery disease. Other aspects of the design and methods of the PRE-DIMED study were published elsewhere (18) .
The current study was designed to be conducted in a subset of participants from the PREDIMED-NAVARRA recruitment center to assess the effects of the DII on TL at baseline and after 5 y of the nutritional intervention. The DII was computed from foodfrequency questionnaire (FFQ)-derived data, and TL was assessed by using real-time quantitative polymerase chain reaction (qPCR). Both were measured at the beginning of the study and after 5 y of the intervention. We thus took advantage of the earlier recruitment in the PREDIMED-NAVARRA center (June 2003-May 2005) than in the other centers of this study (15, 19, 20) . A total of 520 participants, men or women aged 55-80 y who had baseline and 5-y data and DNA samples available, were included. They did not differ from the total PREDIMED-NAVARRA cohort (n = 1055) in terms of their demographic characteristics.
The Institutional Review Board of the University of Navarra approved the study, and all participants provided written informed consent. The procedures followed were in accordance with the Helsinki Declaration of 1975, as revised in 1983.
Telomere length assessment DNA was extracted from the buffy coat of the patients' blood samples, which had been frozen at 2808C. TL was measured with a real-time qPCR approach, according to the method of Cawthon (21) , which uses a single-copy gene as a reference for each sample. This assay provides a relative measurement of TL, and ratios of telomere repeat copy number to a single-gene copy number were calculated. We performed PCR on white 384-well plates on a 7900 HT thermal cycler (Applied Biosystems).
For quality control, all samples were run in duplicate and checked for concordance between the values. To ensure consistency, samples with a high level of variation (.10%) were rerun and re-analyzed. A calibration curve of the same DNA sample of reference (64-0.25 ng in 2-fold dilutions) was included as a standard in each plate to control for day-to-day variations. A standard curve showing high linearity agreement (i.e., R 2 . 0.98) was accepted. We calculated intra-assay and interassay CVs to assess the variation of results within the data set and to ensure plate-to-plate consistency, respectively. The intra-assay coefficient between duplicates was 3.0% for telomeres and 2.6% for the single-copy gene, whereas the interassay CV between plates was 0.8% for telomeres and 1.3% for the single-copy gene.
Dietary inflammatory index
The DII was calculated with dietary data derived from a 137-item FFQ. This questionnaire was adapted from the Willett questionnaire, which was previously validated in Spain (22) . Its reproducibility has been re-evaluated in Spanish populations (23, 24) , and it has been used extensively in studies of nutritional epidemiology conducted in Spain during the past 15 y.
The DII is a new tool for assessing the inflammatory capacity of the diet, which was described in detailed elsewhere (25) . In short, it is a population-based index representing a refined scoring algorithm based on extensive review of the literature. Dietary variables were scored according to whether they had a proinflammatory effect (+1), an anti-inflammatory effect (21) , or no effect (0) on 6 inflammatory biomarkers: IL-1b, IL-4, IL-6, IL-10, TNF-a, and C-reactive protein. To calculate the DII, the dietary data were first linked to the world database, which provided a robust estimate of the mean and SD for each food variable considered (25) . A z score was achieved by subtracting the standard mean from the amount reported and dividing this value by its SD to express an individual's exposure relative to the standard global mean. To minimize the effect of right skewing, the z score was converted into a percentile score. The centered percentile score of each food variable for each individual was then multiplied by the respective effect score of food variables (inflammatory potential for each food variable), which was derived from the literature review, to obtain a food variable-specific DII score for a subject. All of the food variable-specific DII scores were then summed to create the overall DII score for each individual in the study (25) . A construct validation of the population-based DII was performed by using dietary data from 2 different dietary assessments and serum high-sensitivity C-reactive protein as the construct validator (26) .
A higher DII score indicates a more proinflammatory diet, and more negative values represent a more anti-inflammatory diet. The score used in this work ranged from 25.97 (i.e., strongly anti-inflammatory) to +3.91 (strongly proinflammatory), and the mean was 20.87. The DII computed based on this study's FFQ includes data on 32 of the 45 possible food variables composing the DII: energy, carbohydrate, protein, fat, alcohol, fiber, cholesterol, SFAs, MUFAs, PUFAs, trans fat, omega-3, omega-6, niacin, thiamin, riboflavin, vitamin B-6, vitamin B-12, iron, magnesium, selenium, zinc, vitamin A, vitamin C, vitamin D, vitamin E, folic acid, b-carotene, caffeine, garlic, onion, and tea. As mentioned before, energy is included when computing the DII score, and it has a proinflammatory score of +0.18. DII determines the inflammatory potential of an individual's diet and hence does not include BMI as one of its component parts (because it is not a dietary constituent).
Statistical analysis
The DII score was divided into tertiles for all analyses. We examined tertiles of the DII, instead of quartiles or quintiles, because our sample size was small in comparison with that of other studies using the DII in the frame of the PREDIMED trial (27, 28) . Comparisons of baseline characteristics of participants across tertiles of the DII were made by using one-factor ANOVA for continuous variables or chi-square tests for categorical variables.
We used the baseline TL and the 5-y changes in TL as the dependent variables (outcomes) in the cross-sectional and longitudinal analyses, respectively. We calculated z scores of log-transformed leukocyte TL adjusted for age to meet the assumption of normality (1, 14) . Briefly, we used generalized linear regression to calculate least-square means of log-transformed TL z scores adjusted for age. The z score were calculated by standardizing leukocyte TL in comparison with the mean within each individual study, considering the age of the participants. We used the DII as the main independent variable (exposure). Residuals of the DII were obtained in a linear regression analysis of DII and baseline total energy intake (or changes in energy intake for the longitudinal analyses). Tertiles of these total energy-adjusted DII residuals were used as the independent variable. ANCOVA models and linear trend tests were conducted to assess the associations between DII and TL at baseline and between changes in DII and changes in TL during the followup period. Covariates included in these models were sex, BMI (in kg/m 2 ), physical activity (metabolic equivalent tasks in min/d), smoking status (current or nonsmoker), diabetes status (dichotomous), hypertensive status (dichotomous), dyslipidemia status (dichotomous), and intervention group assignment (MeDiet + extra olive oil, MeDiet + nuts, and control group).
Multivariable unconditional logistic regression models were fitted to estimate the ORs and 95% CIs for having short telomeres at baseline. Short telomeres were defined as a z score below the 20th percentile; i.e., p20, as previously reported (29) . We assessed the risk of short telomeres across tertiles of baseline DII, and the reference category was the lowest DII score. A multivariable logistic regression also was used to model the association between 5-y changes in the DII and the risk of accelerated telomere shortening (Dz score #p20) during 5 y of follow-up. The same confounding variables mentioned above were included in this model. All P values are 2-tailed, and a P value ,0.05 was considered to be statistically significant. STATA version 12.0 (StataCorp) was used for all analyses.
RESULTS
In this study, 520 participants (mean age: 67.0 6 6.0; 45% males) from the PREDIMED-NAVARRA study were included. Baseline characteristics of the participants according to tertiles of the DII score were reported ( Table 1 ). Significant differences were found between the 3 categories for all variables, except for smoking and for the presence of diabetes, hypertension, or 2 Highest anti-inflammatory values of the DII. 3 Highest proinflammatory values of the DII. 4 One-factor ANOVA was used for continuous variables and a chi-square test was used for categorical variables. 5 Values are means; ranges in parentheses.
dyslipidemia at baseline. Notably, subjects with the highest proinflammatory index presented a higher BMI and lower levels of physical activity (P , 0.001). Table 2 shows the 32 nutrients and dietary components used to calculate the DII according to tertiles of this index. In comparison with individuals in the highest (most proinflammatory) DII tertile, subjects in the most anti-inflammatory (lowest) DII tertile reported higher intakes of all macro-and micronutrients, except for trans fatty acids and coffee.
The association between leukocyte TL z score and tertiles in the DII score at baseline was evaluated ( Figure 1A) . We found an inverse significant association between TL and DII, which indicated that the higher the DII (more proinflammatory) the lower the TL in multiple-adjusted models (P-ANCOVA = 0.01, P-trend = 0.01). It is worth noting that there was a tendency for individuals with a higher BMI or with hypertension to have shorter telomeres when they followed a proinflammatory dietary pattern than those of individuals who were neither obese nor hypertensive (data not shown). However, no statistically significant interaction was apparent (P-interaction = 0.59 for BMI, P-interaction = 0.56 for hypertension). In addition, we estimated the cross-sectional association between presenting short telomeres (z score #p20) and the DII at baseline ( Figure 1B) . Taking as reference the most anti-inflammatory category, a significantly higher risk of shorter telomeres was found for participants with a proinflammatory diet at baseline for the comparison between extreme thirds (OR: 1.80; 95% CI: 1.03, 3.17; P-trend = 0.04).
We observed that increases in the proinflammatory potential of the diet were associated with a significantly greater shortening of telomeres after 5 y of follow-up. The DII score significantly decreased after 5 y of the nutritional intervention (21.19 6 1.87, P , 0.001); i.e., participants benefited when they adhered to a more anti-inflammatory dietary pattern (data not shown). Although none of the changes in TL were significantly different from zero change, we observed that the higher the increment in DII score after 5 y, the greater the rate of telomere shortening after adjustment for potential confounders (P-trend = 0.04) 2 Highest anti-inflammatory values of the DII. 3 Highest proinflammatory values of the DII.
( Figure 2A) . Likewise, subjects who had the greatest increase in the proinflammatory potential of their diet after the 5-y followup had almost a 2-fold higher risk (OR: 1.94; 95% CI: 1.10, 3.43; P-trend = 0.02) of having a greater rate of telomere attrition (Dz score #p20) than did those participants who had a reduction in the DII score ( Figure 2B) .
DISCUSSION
In the current study, we found a robust direct association between the proinflammatory capacity of the diet (as measured by the DII) and the rate of telomere shortening in a population at high risk of cardiovascular disease. This association was found both at the beginning of the trial and in longitudinal analyses during 5 y of follow-up in the context of a nutritional intervention. In addition, higher DII scores were associated with a higher risk of having shorter telomeres and almost a 2-fold risk of accelerated telomere shortening after the follow-up period.
To our knowledge, this was the first study to evaluate the association between the inflammatory potential of the overall dietary pattern and TL. However, some studies have investigated the association between specific dietary anti-inflammatory components and TL. In this context, omega-3 fatty acids are widely known for their anti-inflammatory potential (30, 31) . In agreement with our findings, omega-3 supplementation prevented telomere erosion after short-term randomized interventions (9, 10). Farzaneh-Far et al. (8) found an inverse relation between baseline blood concentrations of marine omega-3 fatty acids and the rate of telomere erosion over 5 y of follow-up in patients with coronary heart disease. This anti-inflammatory potential of omega-3 also has been associated with attenuation of 
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age-related diseases and prolongation of the life span (32, 33) . Thus, TL could be a possible novel pathway implicated in the omega-3 antiaging effect (8) . Our findings are consistent in showing the effect of the DII, which includes omega-3 as an individual component, but also considers the overall dietary pattern when assessing inflammation.
In this context, the use of overall dietary pattern to test for differences in TL, rather than individual food components, may provide useful insights. For instance, an antioxidant-rich diet, expressed as dietary total antioxidant capacity, was associated with longer telomeres in a young population (17) . It is likely that adherence to a MeDiet, known for its antioxidant and antiinflammatory effects (34) , is related to a slowing of age-related telomere shortening (13) (14) (15) (16) . Recent work carried out by CrousBou et al. (14) has reported that the difference in TL for each one-point change in a MeDiet score corresponds to 1.5 y of aging. Accordingly, our data provide evidence that a 5-y MeDiet intervention is effective at reducing the burden of dietary inflammation that may, in turn, have positive consequences for TL. Similarly, we recently found that the MeDiet itself prevented telomere attrition after 5 y only in subjects carrying the Ala allele of the peroxisome proliferator-activated receptor g2 gene, which suggests that genetics might play a role in telomere erosion (15) . However, this polymorphism does not have any influence on the association between the DII and TL. Thus, the MeDiet has a high biological likelihood of being associated with an improvement in health and longevity through TL homeostasis. In contrast, inconsistent results have been found between TL and specific dietary components (3) (4) (5) (6) . Taking all this information into account, we suggest that examining all of the dietary factors linked to inflammation as a whole could be much more informative and accurate than assessing individual food components.
The DII is a new tool for assessing the inflammatory potential of the diet that reflects both a robust literature base and standardization of individual intakes to global referent values (25) . Results based on this index indicate that it reliably predicted concentrations of inflammatory markers, such as C-reactive protein, IL-6, or homocysteine (26, 35, 36) . These findings reinforce the idea that diet, as a whole, plays an essential role in modifying inflammation. Interestingly, a previous study carried out in the frame of the PREDIMED trial showed that the DII was inversely associated with the intake of healthy foods and nutrients and adherence to a MeDiet (27) . That study also reported a positive relation between a proinflammatory diet and elevated indexes of abdominal obesity (27) . In addition, higher values in the DII have been associated with higher risks of cardiovascular clinical events in the PREDIMED study (28) , with the glucose component of the metabolic syndrome (36) , and with higher risks of cancer (37) (38) (39) and asthma (40) . Regarding longevity, only one study-conducted in Poland-has shown an association between an older, obsolete version of the DII (41) and a shorter survival time among 689 surgical patients treated for colorectal cancer (42) . Despite that the new DII used in our study is superior to the older version used in that Polish study (26) ; the authors of that study pointed out the usefulness of the DII as a potential predictor of survival during up to 3 y in these patients (mean age: 58 y) (42) .
Here we suggest that the association between dietary patterns and TL might be mediated through inflammatory pathways. Because inflammation negatively influences TL (43) (44) (45) , it is expected that an anti-inflammatory treatment may decrease the cumulative inflammatory burden and thus lead to a decrease in the rate of telomere shortening. On the other hand, a more proinflammatory diet could result in an increase in inflammatory molecules and cause accelerated telomere erosion. However, it is also possible that an increase in telomerase activity occurs as a consequence of the dietary intervention. Indeed, a few studies have observed that intensive lifestyle changes are associated with increases (of w30-40%) in the telomerase activity of blood cells (46, 47) . Besides, exposure to tumor necrosis factor a shortens TL through negative regulation of telomerase activity (48) .
This work is particularly robust because of the prospective nature of the PREDIMED study; the long follow-up period allowed us to measure TL at 2 points. The importance of the PREDIMED trial intervention is that it introduced changes in the overall diet (also confirmed by objective biomarkers) in our participants (49, 50) . These dietary changes allowed us to assess longitudinal changes in the inflammatory potential of the dietary pattern and its associations with changes in TL. This enabled us to establish temporal associations and to estimate the relation between DII and the telomere attrition rate. Moreover, the reproduction of real-time conditions with home-prepared foods (as normal day-to-day living), the high compliance of participants, and the use of a validated FFQ to compute the DII scores strengthen our research. Despite its many strengths, this study also had potential limitations. The TL technique used may have led to errors in measurement because of the high variability of qPCR analysis. For this reason, we carefully controlled the experimental conditions to avoid potential errors (51) , which is reflected in the low CVs obtained. Another limitation was the lack of telomerase activity and inflammation or oxidative stress measurements. Without these measurements it is not possible to confirm the exact mechanisms involved behind the observed associations between DII and TL. Finally, our participants lived in a Mediterranean country and had a high risk of cardiovascular disease, which may limit the generalizability of our findings to different settings.
In conclusion, DII scores were inversely associated with leukocyte TL, which indicates that anti-inflammatory values of the DII were related to longer telomeres in adults at high risk of cardiovascular disease. These findings are consistent with, but do not indicate, a beneficial effect of adherence to an antiinflammatory diet on aging and health by preventing telomere shortening.
